Introduction
============

Malignant melanoma (MM) is one of the most aggressive types of malignant tumor, and is responsible for the majority of skin cancer-associated mortalities ([@b1-ijo-53-06-2397],[@b2-ijo-53-06-2397]). Extracellular matrix metalloproteinase inducer, also known as Basigin and cluster of differentiation 147 (CD147), is a highly glycosylated type-I transmembrane protein of the immunoglobulin superfamily ([@b3-ijo-53-06-2397]). A previous study revealed that CD147 served a key role in cellular apoptosis. Inhibition of CD147 expression by short hairpin (sh)RNA increased the chemosensitivity of oral squamous cell carcinoma cells, specifically a multidrug-resistant cell line, by downregulating the expression of the anti-apoptotic gene X-linked inhibitor of apoptosis ([@b4-ijo-53-06-2397]). Recently, propranolol was reported to induce the apoptosis of vascular endothelial cells by decreasing the expression levels of CD147 in the treatment of infantile hemangiomas ([@b5-ijo-53-06-2397]). Overexpression of CD147 also facilitates the induction of apoptosis of Jurkat T and Chinese hamster ovary cells via methotrexate treatment ([@b6-ijo-53-06-2397]); however, the mechanism underlying the effects of CD147 on apoptosis in melanoma cells remains unclear.

The phosphatase and tensin homolog (PTEN)/phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway is a pivotal pathway in melanomagenesis, and is involved in a variety of biological processes, including cell death and survival, cell proliferation, angiogenesis and autophagy ([@b7-ijo-53-06-2397],[@b8-ijo-53-06-2397]). Under physiological conditions, the activation of PI3K facilitates transfer of a phosphoryl group to form phosphatidylinositol ([@b3-ijo-53-06-2397],[@b4-ijo-53-06-2397],[@b5-ijo-53-06-2397])-trisphosphate (PIP3); PTEN, characterized by phosphatase activity, negatively regulates this procedure ([@b9-ijo-53-06-2397]). PIP3 acts as a secondary messenger to activate the downstream signaling pathway; as a consequence, AKT and its substrate mechanistic target of rapamycin (mTOR), are activated and are able to induce the synthesis of proteins involved in cell survival, proliferation and apoptosis ([@b10-ijo-53-06-2397]). In melanoma, the *PTEN* gene has been observed to possess deletions in \~30% of sporadic cases (with loss of the corresponding protein in 5-20% of primary melanomas) and in \~40% of melanoma cell lines ([@b11-ijo-53-06-2397],[@b12-ijo-53-06-2397]). Therefore, PTEN is a key molecule associated with the pathogenesis of melanoma.

Insulin-like growth factor-binding protein 2 (IGFBP2) belongs to the IGF-binding protein family, containing six members (IGFBP1-6) with a high affinity of IGF1 and IGF2. Previous studies ([@b13-ijo-53-06-2397],[@b14-ijo-53-06-2397]) have revealed that IGFBP2 could associate with IGFs to inhibit binding to the receptor, thereby attenuating IGF-induced tumorigenesis; however, accumulating evidence has demonstrated that IGFBP2 exhibits oncogenic effects, including the suppression of apoptosis, and facilitating cell growth and migration ([@b15-ijo-53-06-2397]), which are independent of the ability of IGFBP2 to associate with IGFs.

The aim of the present study was to investigate the role of CD147 in melanoma cell apoptosis by examining the effects of CD147 knockdown on IGFBP2 expression in melanoma cells and the activity of the AKT/mTOR signaling pathway to determine whether the CD147/IGFBP2 axis serves a key role in melanoma cell apoptosis. In addition, the present study investigated the underlying mechanism.

Materials and methods
=====================

Cell culture and lentiviral infection
-------------------------------------

The MM cell lines, A375 and SK-MEL-28, (American Type Culture Collection, Manassas VA, USA) were stored in our laboratory (Hunan Key Laboratory of Skin Cancer and Psoriasis, Xiangya Hospital, Central South University, Changsha, China), and cultured in high-glucose Dulbecco\'s modified Eagles medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Gibco; hermo Fisher Scientific, Inc., Waltham, MA, USA) and antibiotics (1% penicillin-streptomycin). The cells were maintained at 37°C in an incubator under 5% CO~2~.

For lentiviral packaging as previously established ([@b16-ijo-53-06-2397]), briefly, 293T cells were stored in our laboratory, and transfected with vectors containing an shRNA targeting CD147 (shRNA-CD147-C1, forward sequence 5′-GATCCCCGTCGTCAGAACACATCAACTTCAAGAGAGTTGATGTGTTCTGACGACTTTTTGGAAA-3′, reverse sequence: 5′-AGCTTTTCCAAAAAGTCGTCAGAACACATCAACTCTCTTGAAGTTGATGTGTTCTGACGACGGG-3′ or shRNA-CD147-C2, forward sequence: 5′-GATCCCCTGACAAAGGCAAGAACGTCTTCAAGAGAGACGTTCTTGCCTTTGTCATTTTTG GAAA-3′, reverse sequence: 5′-AGCTTTTCCAAAAATGACAAAGG CAAGAACGTCTCTCTTGAAGACG TTCTTGCC TTTGTCAGGG-3′, *Age*I and *Eco*RI restriction sites) or a negative control (pLKO.1-sh-Mock, sequence: 5′-AGAAGT GTAGCATGCAGATTACT ATTG AGCCTTATCGGAC TTGACGTCAGTA GTCAACACTCTC-3′), and packaging vectors (psPAX2 and pMD2-G) using TurboFest transfection reagent (Thermo Fisher Scientific, Inc.) for 24 h. Then, the supernatant fraction containing lentiviral particles was collected at 48 and 72 h, respectively; transduction with A375 and SK-MEL-28 cells was conducted using 10 *μ*g/ml Polybrene (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany, cat. no. H9268) and 1 ml lentiviral fraction in 6-well plate. Each cell line was infected for three wells. The medium (10% FBS DMEM) was replaced with fresh medium containing 1 *μ*g/ml puromycin for stable cell selection following 16 h post-transfection. In the current study, pLKO.1-sh-CD147-C2 vector was used for subsequent analysis.

LY294002, a PI3K signaling pathway inhibitor, was purchased from Sigma-Aldrich (Merck KGaA), dissolved in DMSO and diluted to a final concentration of 50 *μ*g/ml; LY294002 was applied to cells at room temperature for 24 h; 0 *μ*g/ml LY294002 was used as the control.

Flow cytometry and transmission electron microscopy
---------------------------------------------------

Cellular apoptosis was determined by flow cytometry, according to the manufacturer\'s protocols of an Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (C1062, (Beyotime Institute of Biotechnology, Beijing, China). Briefly, a total of 5×10^5^ cells were harvested and collected, resuspended in 195 *μ*l binding buffer (included in kit), and stained with 5 *μ*l Annexin V-fluorescein isothiocyanate conjugate and 10 *μ*l prop-idium iodide solution at room temperature for 20 min. The stained cells were then analyzed using a FACSCanto II flow cytometer using BD FACSDiva™ software v 6.0 (BD Biosciences, San Jose, CA, USA).

Transmission electron microscopy was performed according to previous our study ([@b4-ijo-53-06-2397]), briefly, cells were first fixed with 2% paraformaldehyde and 2% glutaraldehyde, and then with 2% osmium tetroxide for ≤2 h. Fixed specimens were dehydrated, embedded and sliced with an ultra-microslicing microtome (LKB-III, LKB Instruments, Victoria, Australia). Samples were then examined by transmission electron microscopy (H-7500, magnification, ×5,000, Hitachi, Ltd., Tokyo, Japan).

Human apoptosis assay
---------------------

Detection of apoptotic proteins was performed using the RayBio® human apoptosis array G1 kit (cat. no. AAH-APO-G1; RayBioTech, Inc., Guangzhou, China). The assay conducted in the present study detects 43 different apoptotic proteins, as well as GAPDH as a loading control. The assays for A375-sh-Mock and A375-sh-CD147 were performed using 6-well glass slides, according to the manufacturer\'s protocols. SK-MEL-28 cells were used as confirmation. Then, the assay slides were analyzed by Genomax Technologies (Singapore) using a microarray scanner (G2505C, Agilent Technologies Inc., Santa Clara, CA, USA). Data obtained from scanning were exported for analysis using Agilent feature extraction software version 10.5 (Agilent Technologies Inc). and the relative fold changes in the expression profile of each protein were calculated; two independent experiments (n=4) were performed to confirm the results.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting
-------------------------------------------------------------------------------------------

For qPCR, total cellular RNA was extracted using TRizol reagent (Thermo Fisher Scientific, Inc.). A total of 3 *μ*g RNA was used as a template for RT (cat. no. R233-01, Vazyme, Piscataway, NJ, USA), the procedure of RT comprised two steps, the first at 42°C for 2 min, then at 50°C 15 min, followed by the second step, final at 85°C for 5 sec to terminate the reaction. qPCR was performed using the ABI 7500 system (Applied Biosystems; Thermo Fisher Scientific, Inc.). Each 20-*μ*l PCR reaction mixture contained 1 *μ*l cDNA product, 2 *μ*l specific forward/universal primer mix, and 10 *μ*l SYBRGreen 2X Universal PCR Master Mix (cat. no. Q141-02, Vazyme). The thermocycling conditions of qPCR were: Denaturation at 95°C for 5 min, then extension at 60°C for 40 cycles. The IGFBP2 primers used were as 5′-AGAAGGTCACTGAGCAGCAC-3′ (forward), and 5′-GAGGTTGTACAGGCCATGCT-3′ (reverse). β-actin (forward, 5′-GTCATCACCATTGGCAATGAG-3′ and reverse, 5′-CGTCACACTTCATGATGGAGTT-3′) were determined as a control by using the 2^−ΔΔCq^ analysis method ([@b17-ijo-53-06-2397]). Triplicate determination was repeated 3 times.

For western blotting, cells were harvested and lysed with radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Total proteins were quantified via a Bradford protein assay (Beyotime Institute of Biotechnology). The protein samples (30 *μ*g/sample) were separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. The membranes were incubated with primary antibodies at 4°C in 5% non-fat dried milk in TBS buffer for overnight. The membranes were washed three times with TBS buffer and incubated with horseradish peroxidase secondary antibodies (cat. nos. AS003 and AS014, 1:5,000) from ABclonal Biotech Co., Ltd. (Wuhan, China) at room temperature for 1 h. The blots were detected using enhanced chemiluminescent reagents Clarity Max™ Western ECL Blotting Substrates (cat. no. 1705062) (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer\'s protocols. The following primary antibodies were used: Anti-CD147 (cat. no. sc-21746, 1:1,000; Santa Cruz Biotechnology, Inc.), and anti-IGFBP2 (cat. no. ab109284, 1:1,000; Abcam), anti-PTEN (cat. no. ab32199, 1:1,000; Abcam), phosphorylated (p)-AKT (cat. no. 9271, 1:1,000), AKT (cat. no. 9272, 1:1,000), p-mTOR (cat. no. 2971, 1:1,000) and mTOR (cat. no. 2972, 1:1,000) and cle-PARP (cat. no. 9532S, 1:1,000) were purchased from Cell Signaling Technology, Inc., Danvers, MA, USA). β-actin (cat. no. sc-517582, 1:1,000; Santa Cruz Biotechnology, Inc.) or GAPDH (sc-47724, 1:1,000; Santa Cruz Biotechnology, Inc.) was used as an internal reference. The band intensity was quantified by using Bio-Rad Image Lab™ software version 6.1 (Bio-Rad Laboratories, Inc.).

Tumor xenograft mice
--------------------

Tumor xenograft mouse models were previously established by our laboratory ([@b18-ijo-53-06-2397]) and the animal study was approved by the Ethics Committee of Xiangya Hospital, Central South University (Changsha, China). All animal experiments were conducted in accordance with the Guidelines of The National Institutes of Health Guide for the Care and Use of Laboratory Animals ([@b19-ijo-53-06-2397]). Briefly, A375 cells stably transduced with sh-CD147 or sh-Mock lentiviruses, were harvested, washed with 1X PBS buffer, re-suspended in cold serum-free high-glucose DMEM, and then subcutaneously injected (5×10^6^/0.15 ml cells) into the right flank of 4-6-week-old male BALB/c nude mice (Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China) and 5 mice for each group. All mice were exposed to a 12 h light/dark cycle, supplied with free food and drinking water under specific-pathogen free condition. The tumors were measured using calipers and the tumor volumes were calculated using the following formula: Length x width x height x 0.52. The animals were sacrificed 35 days following tumor cell inoculation, and the tumor tissues were collected and fixed in 10% buffered formalin, embedded in paraffin, sectioned at 5 *μ*m and stained with H&E based on our previous study ([@b18-ijo-53-06-2397]), or subjected to immunohistochemical analysis.

Immunohistochemical analysis
----------------------------

Tumor tissues were obtained from A375-sh-CD147 and A375-sh-Mock nude mouse xeno-grafts. A human melanoma tissue array was purchased from Alenabio (Xi\'an, China), including 128 primary melanomas and 64 metastatic melanomas (cat. nos. M1004 and M1004a). In addition, we also collected 15 paraffin-embedded specimens with a clinical diagnosis of nevus from the Department of Dermatology, Xiangya Hospital (Changsha, China) from 2015 to 2017, the average age was 35.13±12.61 years-old, and the sex ratio was 1.14 (8 male):1 (7 female). Immunohistochemical staining was performed using a biotin-streptavidin horseradish peroxidase detection kit (OriGene Technologies, Inc., Beijing, China), according to the manufacturer\'s protocols. Briefly, the slides were heated at 60°C for 2 h, dewaxed in turpentine and rehydrated in a graded ethanol series and washed with 1X PBS. Following antigen retrieval, and inactivation of endogenous peroxidase activity with 3% H~2~O~2~, the slides were incubated with CD147 (1:100) or IGFBP2 antibodies (1:100) at 4°C in a humidified chamber overnight. The secondary antibody conjugated with biotin from the detection kit (OriGene Technologies, Inc.) was applied for 1 h at room temperature. Horseradish peroxidase-streptavidin (OriGene Technologies, Inc.) was added to the slides for 30 min, then the slides were developed in 3,3-diaminobenzidine (DAB) and counterstained with hematoxylin, and mounted in neutral balsam. For semi-quantitative analysis, the positive areas (%) in each image were quantified using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA). The cut-off values of expression for partial staining in \<10% tumor cells was considered as weak, staining in 10-40% tumor cells was considered moderate, and staining in \>40% tumor cells as strong expression.

A terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) assay of the tumor tissues was performed using a TUNEL system (Promega Corporation, Madison, WI, USA), according to the manufacturer\'s protocols. Briefly, the slides were fixed in 4% formaldehyde in PBS for 15 min at room temperature, the procedure of permeabilization and equilibration was performed, and TdT reaction mix was added to the slides and incubated for 60 min at 37°C in a humidified chamber. The slides were washed with PBS, then DAB staining at room temperature and developed until there is a light brown background under microscope detection, then mounting were conducted. Semi-quantitation of TUNEL-positive cells was performed using Image-Pro Plus 6.0 software.

Statistical analysis
--------------------

All data are presented as the mean ± standard deviation from independent samples analyzed in three replicates. SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA) was used for analysis. A Student\'s t-test or one-way analysis of variance was used to determine statistical differences. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Inhibition of CD147 promotes apoptosis in melanoma cell lines
-------------------------------------------------------------

In the present study, two stable melanoma cell lines with CD147 downregulation (referred to as C1 and C2) were generated. The protein expression levels of CD147 were notably decreased in sh-CD147-C2-transfected A375 cells compared with the sh-Mock-transfected cells ([Fig. 1A](#f1-ijo-53-06-2397){ref-type="fig"}). In addition, the results of the flow cytometry also suggested that CD147 expression was markedly inhibited in melanoma A375 cells, particularly within sh-CD147-C2-transfected cells ([Fig. 1B](#f1-ijo-53-06-2397){ref-type="fig"}).

In addition, the rate of apoptosis was determined by flow cytometry. The results demonstrated that the apoptotic rate of A375-sh-CD147 cells was 22.24±4.07%, which was significantly higher compared with that of the control group (5.08±1.28%, P\<0.01; [Fig. 2A and B](#f2-ijo-53-06-2397){ref-type="fig"}). Furthermore, the expression of the apoptosis-associated protein, cleaved poly (ADP-ribose) polymerase (cle-PARP), was also significantly increased in A375-sh-CD147 and SK-MEL-28-sh-CD147 cells compared with the control cells (P\<0.01; [Fig. 2C and D](#f2-ijo-53-06-2397){ref-type="fig"}).

The morphology of A375 cells was evaluated by transmission electron microscopy. As presented in [Fig. 2E](#f2-ijo-53-06-2397){ref-type="fig"}, compared with sh-Mock-transfected cells, A375-sh-CD147 cells were small and round. The membranes were bulging and ballooning. Typical apoptotic morphological characteristics, including condensation and fragmentation of the nuclei, as well as bleb-bing of the membrane, were also observed. Collectively, these findings demonstrated that knockdown of CD147 expression significantly induced apoptosis in melanoma cell lines.

High-throughput screening to determine the apoptosis-related proteins associated with CD147 in melanoma cells
-------------------------------------------------------------------------------------------------------------

In the present study, the total apoptosis-associated proteins in A375-sh-Mock- and A375-sh-CD147-transfected cells were investigated via a human apoptosis antibody array. Then, 43 apoptosis-associated proteins in the array were detected by comparing the fluorescence spectra and the corresponding fluorescence values ([Fig. 3A](#f3-ijo-53-06-2397){ref-type="fig"}). Finally, 9 apoptosis-associated proteins were selected, which exhibited significantly different expression compared with the control group. Among these proteins, CD40 ligand (CD40L), p53, cellular inhibitor of apoptosis 2 (cIAP-2), Survivin, tumor necrosis factor (TNF)-related apoptosis-inducing ligand 2 (TRAILR-2) and p21 were \>1.5-fold higher in A375-sh-CD147 cells, and three proteins, including heat shock protein 60 (Hsp60), IGFBP-6 and IGFBP-2, had decreased by 0.178- to 0.606-fold ([Table I](#tI-ijo-53-06-2397){ref-type="table"}). As IGFBP2 expression exhibited the most significant change (0.178-fold) by statistical analysis, IGFBP2 was selected for the subsequent analysis.

Consistent with the results from the human apoptosis assay, IGFBP2 mRNA by qPCR assay and protein expression was significantly reduced in A375-sh-CD147 cells compared with sh-Mock cells ([Fig. 3B--D](#f3-ijo-53-06-2397){ref-type="fig"}). In addition, downregulation of IGFBP2 expression induced by sh-CD147 was investigated in SK28-sh-CD147 melanoma cells ([Fig. 3C and D](#f3-ijo-53-06-2397){ref-type="fig"}). Collectively, the findings demonstrated that CD147 was positively associated with IGFBP2 in melanoma cells.

CD147 regulates IGFBP2 expression via the PTEN/PI3K/AKT signaling pathway
-------------------------------------------------------------------------

To investigate the regulatory mechanism associated with CD147 and IGFBP2, whether CD147 interacted with IGFBP2 in melanoma cells was determined; however, no interaction between CD147. Providing that IGFBP2 is a downstream molecule in the PTEN/PI3K/AKT signaling pathway, the AKT-mTOR signaling pathway was investigated. The results demonstrated that p-AKT and p-mTOR expression was significantly decreased when CD147 expression was downregulated in A375 and SK-28 cells compared with in sh-Mock-transfected cells ([Fig. 4A--C](#f4-ijo-53-06-2397){ref-type="fig"}); however, the expression of the phosphatase PTEN was significantly increased in A375-sh-CD147 and SK-MEL-28-sh-CD147 cells compared with in sh-Mock-transfected cells ([Fig. 4D](#f4-ijo-53-06-2397){ref-type="fig"}). Importantly, it was observed that LY294002, a direct inhibitor of the PI3K signaling pathway, significantly decreased IGFBP2 protein expression in sh-Mock A375 and sh-Mock SK-MEL-28 cells compared with the untreated groups ([Fig. 4E and F](#f4-ijo-53-06-2397){ref-type="fig"}). The results of the present study indicated that CD147 upregulated the expression of IGFBP2 by activating the PTEN/PI3K/AKT signaling pathway in melanoma cells.

In vivo experiments show that CD147 combined with IGFBP2 mediates apoptosis in melanoma
---------------------------------------------------------------------------------------

In the present study, a xenograft mouse model was successfully generated by inoculating melanoma A375-sh-CD147 and A375-sh-Mock cells into mice. As expected, after 35 days following inoculation of the melanoma cells, it was observed that the average tumor volume in the A375-sh-CD147 group was notably lower compared with that in the sh-Mock group ([Fig. 5A](#f5-ijo-53-06-2397){ref-type="fig"}). The pathological characteristics of malignant melanoma were confirmed via HE staining ([Fig. 5B](#f5-ijo-53-06-2397){ref-type="fig"}).

In addition, it was reported that the expression levels of CD147 and IGFBP2 in the A375-sh-CD147-inoculated group were significantly decreased compared with the control group; CD147 was mainly expressed in the cell membranes in tumor tissue, while IGFBP2 was mainly located in the cytoplasm ([Fig. 5C](#f5-ijo-53-06-2397){ref-type="fig"}). The expression levels of the apoptosis-associated protein, cle-PARP, were significantly increased compared with the control group. Therefore, it was suggested that CD147 could upregulate the expression of IGFBP2 *in vivo*, and CD147 induced melanoma cell apoptosis via the regulation of IGFBP2 expression.

Additionally, the apoptotic area in tumor tissues from the xenograft mouse model was determined from a TUNEL assay as [Fig. 5D](#f5-ijo-53-06-2397){ref-type="fig"}. The results revealed that the positive expression rate was significantly higher in the A375-sh-CD147 cell group compared with the control. The results of the present study indicated that the expression levels of IGFBP2 and CD147 were positively associated *in vivo*, and the inhibition of CD147 may induce the apoptosis of MM cells via the regulation of IGFBP2 expression.

CD147 and IGFBP2 overexpression in melanoma tissues
---------------------------------------------------

To further investigate the association between CD147 and IGFBP2, the expression of CD147 and IGFBP2 in 15 paraffin-embedded specimens with a clinical diagnosis of nevus was determined; the results revealed low expression levels of CD147 and IGFBP2 ([Fig. 6A](#f6-ijo-53-06-2397){ref-type="fig"}). In addition, an MM tissue microarray was employed, which contained 128 cases of primary MM (PMM) and 64 cases of metastatic MM (MMM). The expression of CD147 and IGFBP2 in two adjacent microarray tissues were observed; the expression of CD147 and IGFBP2 was higher compared with in the nevus tissue ([Fig. 6A and B](#f6-ijo-53-06-2397){ref-type="fig"}). The semi-quantitation results revealed that area of positive expression of CD147 in PMM and MMM were 78.1 and 93.8% respectively, which was significantly higher than that of the nevus tissue ([Table II](#tII-ijo-53-06-2397){ref-type="table"}). Similar findings were observed with IGFBP2 expression in MM; the area of positive expression of IGFBP2 were 80.5 and 90.6% in PMM and metastatic MM, respectively, which was significantly higher than the nevus tissue ([Table II](#tII-ijo-53-06-2397){ref-type="table"}). Importantly, the expression levels of CD147 and IGFBP2 were positively associated in human MM ([Table II](#tII-ijo-53-06-2397){ref-type="table"}).

Collectively, these findings indicate that CD147 regulated the expression of IGFBP2 in MM, and may participate in tumor occurrence and development. Therefore, the CD147/IGFBP2 axis may serve an important role in the transformation process of pigmented moles to MM.

Discussion
==========

CD147 serves a key role in facilitating tumor cell invasiveness and metastasis by regulating matrix metalloproteinase (MMP) expression, including MMP-1, MMP-2, MMP-9 and A membrane-type 1-MMP, in adjacent fibroblasts or cancer cells ([@b18-ijo-53-06-2397],[@b20-ijo-53-06-2397]). For example, in hepatocellular carcinoma (HCC), CD147 is highly upregulated and inhibition of CD147 significantly inhibited HCC cell proliferation and metastasis via MMP production ([@b21-ijo-53-06-2397]). In addition, it has been demonstrated that CD147 is upregulated in various multidrug-resistant cancer cells, including breast cancer, HCC and ovarian cancer cells ([@b22-ijo-53-06-2397]). Suppression of CD147 increased the sensitivity of SKOV3 and OVCAR3 ovarian cells to paclitaxel treatment ([@b23-ijo-53-06-2397]). In spermatogenesis, knockdown of CD147 promoted apoptosis in spermatocytes in a p53-independent manner ([@b24-ijo-53-06-2397]). Recently, novel evidence has demonstrated that suppressing CD147 inhibited TNF receptor-associated factor 2 expression, leading to alterations in canonical and non-canonical nuclear factor-κB activity, which may increase apoptosis in spermatocytes ([@b25-ijo-53-06-2397]). CD147 has been demonstrated to induce endoplasmic reticulum stress to attenuate apoptosis and increase chemoresistance by increasing the transcriptional levels of binding immunoglobulin protein in HCC ([@b26-ijo-53-06-2397]).

In the present study, it was reported that knockdown of CD147 significantly increased melanoma cell apoptosis. Using a xenograft mouse model, it was observed that knockdown of CD147 attenuated tumor cell growth via the induction of cellular apoptosis *in vivo*, suggesting that CD147 may serve an important role in melanoma apoptosis *in vitro* and *in vivo*. Importantly, via the human apoptosis array, we identified that the expression of 9 apoptosis-associated proteins, including CD40L, Hsp60, IGFBP2, IGFBP6, Survivin, TRAILR-2, cIAP-2, p21 and p53, was markedly altered following the suppression of CD147 expression. Furthermore, the present study reported the downregulation of IGFBP2 expression following CD147 knockdown.

The IGF axis is crucial for biological functions, including cell growth and apoptosis. The IGF-induced signaling pathway constitutes several components, including the two ligands (IGF-I and IGF-II), corresponding receptors (IGF-1 and -2R) and IGFBPs, which serve key roles in modulating the activity of the IGF signaling pathway ([@b27-ijo-53-06-2397]). IGFBP2 may associate with IGF to form a complex, which can readily translocate via the endothelial barrier, and reach local tissues to interact with integrin and elements of the extracellular matrix ([@b28-ijo-53-06-2397]). Therefore, IGFBP2 acts as a container that harbors IGF in the local tissues ([@b29-ijo-53-06-2397]). IGFBP2 has been reported to be overexpressed in tumors, including glioma, prostate, breast and lung cancers ([@b30-ijo-53-06-2397]). It was reported that ectopic expression of IGFBP2 attenuated camptothecin-induced apoptosis, while inhibition of IGFBP2 increased sensitivity to camptothecin-induced death of NCI-H522 cells ([@b31-ijo-53-06-2397]). Chen *et al* ([@b24-ijo-53-06-2397]) demonstrated that IGFBP2 is highly expressed in lung cancer cells compared with in normal epithelial tissues, and intracellular IGFBP2 inhibited apoptosis via the regulation of caspase-3 activation.

The PI3K signaling pathway-specific inhibitor LY294002 decreased IGFBP2 expression in the present study. Furthermore, p-AKT, p-mTOR and IGFBP2 expression levels were significantly decreased, whereas PTEN expression was significantly increased in CD147-knockdown melanoma cells. The findings of the present study revealed that the PTEN/PI3K/AKT signaling pathway may be associated with IGFBP2 expression in melanoma cells. PTEN is able to catalyze the dephos phorylation of PIP3, which is a key secondary messenger for downstream signaling pathway activation. Providing the frequent loss or inactivation of PTEN function in tumors, accumulating PIP3 may recruit proteins with pleckstrin homology domains to the cell membrane, including phosphoinositide-dependent kinase-1 and AKT ([@b32-ijo-53-06-2397]). Consequently, PDK1 could directly phosphorylate and activate AKT ([@b33-ijo-53-06-2397],[@b34-ijo-53-06-2397]); activated AKT isoforms (AKT1, AKT2 and AKT3) may induce a variety of malignant phenotypes, including cell proliferation, cell death, angiogenesis and cellular metabolism by activating downstream molecules, including glycogen synthase kinase 3, forkhead box O, B-cell lymphoma 2 (Bcl-2)-associated antagonist of cell death, mouse double minute 2 homolog and p27 ([@b35-ijo-53-06-2397]-[@b37-ijo-53-06-2397]). Importantly, AKT also activates the mTOR complex 1 (mTORC1) via the phosphorylation and inhibition of proline-rich AKT substrate 40, which is a negative regulator of mTORC1 ([@b38-ijo-53-06-2397],[@b39-ijo-53-06-2397]). Activation of following PTEN inacti vation promotes the translation of specific mRNAs and the synthesis of proteins involved in cell proliferation ([@b40-ijo-53-06-2397]). Based on the findings of the present study, it was hypothesized that inhibition of CD147 in melanoma cells could increase PTEN activation, and that the phosphatase activity of PTEN may decrease the intracellular p-AKT levels, promoting the apoptosis of melanoma cells.

Interestingly, evidence has demonstrated that IGFBP2 is the most significantly altered molecule following PTEN loss and PI3K/AKT activation. The expression of IGFBP2 was observed to be upregulated in PTEN^−/−^ cancers ([@b41-ijo-53-06-2397]). Inhibition of PI3K/AKT activation by LY294002 was observed to significantly inhibit IGFBP2 expression, which suggests that the PTEN/PI3K/AKT signaling pathway may regulate IGFBP2 expression in prostate cancer and glioblastoma ([@b42-ijo-53-06-2397]). In addition, inhibiting the activation of PI3K/AKT reduced the expression of IGFBP2 via the specificity protein-1 transcription factor in MCF-7 breast cancer cells ([@b43-ijo-53-06-2397]). Consistent with these results, the present study also reported that the inhibition of PI3K/AKT by LY294002 attenuated IGFBP2 expression in melanoma cells. Therefore, the underlying mechanism of CD147-regulated expression of PTEN or PI3K/AKT activation requires further investigation to provide novel insight into the role of CD147 in melanoma.

Collectively, the results of the present study demonstrated that CD147 serves a key role in melanoma cell apoptosis, which may be mediated via IGFBP2 and the PTEN/PI3K/AKT signaling pathway. In addition, the expression of IGFBP2 and CD147 was upregulated and exhibited a positive association in melanoma clinical tissues, suggesting that CD147 may be a potential therapeutic target in chemotherapy or a target for the prevention of melanoma.
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![Induction of downregulated CD147 expression in melanoma A375 cells. (A) Transfection efficiency of pLK0.1-sh-CD147 (C1 or C2) and the control sh-Mock vectors in melanoma A375 cells was determined via western blotting to confirm CD147 protein expression. Transfection with the sh-CD147-C2 vector notably inhibited CD147 protein expression in A375 cells. (B) Stable downregulation of CD147 in A375 sh-CD147-C1 and -C2, and the control sh-Mock-transfected cells was assessed via flow cytometry analysis. Transfection with pLK0.1-sh-Mock vector into A375 is referred to as Sh-Mock. C1 or C2, transfection with pLK0.1-sh-CD147 vector; CD147, cluster of differentiation 147; sh, short hairpin RNA.](IJO-53-06-2397-g00){#f1-ijo-53-06-2397}

![Inhibition of CD147 promotes the apoptosis of melanoma cell lines. (A) Representative dot plots of Annexin V-FITC and PI staining. After A375 cells were stably transfected with sh-Mock (left) or sh-CD147 vector (right), apoptosis analysis was performed by flow cytometry. (B) Apoptotic rate of sh-CD147- and sh-Mock-transfected A375 cells. The percentage of apoptotic cells was significantly higher with decreased CD147 expression. (C and D) Protein expression levels of apoptosis-associated cle-PARP in sh-CD147- and sh-Mock-transfected A375 and SK-28 cells. (E) Transmission electron microscopy images of apoptosis of sh-CD147-transfected and sh-Mock-transfected A375 cells. Apoptotic bodies are indicated by arrows. n=3 for each experiment. Scale bar=2 *μ*m. ^\*\*^P\<0.01. CD147, cluster of differentiation 147; cle-PARP, cleaved poly (ADP-ribose) polymerase; FITC, fluorescein isothiocyanate; PI, propidium iodide; sh, short hairpin RNA.](IJO-53-06-2397-g01){#f2-ijo-53-06-2397}

![IGFBP2 is an apoptosis-associated protein in sh-CD147 melanoma cells. (A) Cluster analysis of the expression of 43 apoptosis-associated proteins in sh-CD147- and sh-Mock-transfected A375 cells. Green presented downregulation and red indicated higher protein expression relative to the mean expression of all samples. (B) Relative mRNA expression of IGFBP2 in sh-Mock- and sh-CD147-transfected A375 cells. (C and D) Quantitation of the protein expression levels of IGFBP2 in sh-Mock- and sh-CD147-transfected A375 and SK-28 cells was performed via western blotting using ImageJ software. n=3 for each experiment. ^\*\*^P\<0.01 vs. sh-Mock. Bcl-2, B-cell lymphoma 2; Bcl-w, Bcl-2-like protein 2; Bad, Bcl-2-associated agonist of cell death; BID, BH3 interacting-domain death agonist; BIM, Bcl-2-like protein 11; CD147, cluster of differentiation 147; CD40L, CD40 ligand; cIAP-2, cellular inhibitor of apoptosis 2; cytoC, cytochrome *c*; FasL, Fas ligand; HSP, heat shock protein; HTRA, HtrA serine peptidase; IGFBP2, insulin-like growth factor-binding protein 2; sh, short hairpin RNA; SMAC, second mitochondria-derived activator of caspases; TNF, tumor necrosis factor; sTNF-R2, soluble TNF receptor 2; TRAILR, TNF-related apoptosis-inducing ligand receptor; XIAP, X-linked inhibitor of apoptosis protein.](IJO-53-06-2397-g02){#f3-ijo-53-06-2397}

![CD147 regulates IGFBP2 expression via the PTEN/PI3K/AKT signaling pathway. (A) Cell lysates of sh-CD147 and sh-Mock A375 and SK-MEL-28 cells were subjected to western blotting to detect p-AKT, p-mTOR and PTEN expression. Quantitation of (B) p-AKT, (C) p-mTOR and (D) PTEN expression was performed using ImageJ software. (E) Sh-Mock A375 and SK-MEL-28 cells were cultured with 50 *μ*g/ml LY294002, a PI3K signaling pathway inhibitor, for 24 h. IGFBP2 and CD147 expression was detected by western blotting and (F) quantitative analysis of IGFBP2 expression was performed using ImageJ software. n=3 for each experiment. ^\*^P\<0.05, ^\*\*^P\<0.01 vs. sh-Mock or 0 *μ*g/ml LY294002. AKT, protein kinase B; CD147, cluster of differentiation 147; m-TOR; p, phosphorylated; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin homolog; sh, short hairpin RNA.](IJO-53-06-2397-g03){#f4-ijo-53-06-2397}

![CD147 with IGFBP2 mediates the apoptosis of melanoma cells *in vivo*. (A) Tumor volume in the xenograft mouse model generated by inoculating melanoma sh-CD147 A375 and sh-Mock A375 cells. ^\*\*^P\<0.05 or ^\*\*\*^P\<0.01 vs. sh-Mock. (B) Pathological characteristics of xenograft mouse tumors were observed by HE staining. Magnification, ×100. (C) Representative immunohistochemical staining for CD147, IGFBP2 or cle-PARP in serial sections of sh-CD147-injected xenograft mouse tumors or sh-Mock tumors. Magnification, ×100. The area positive for CD147, IGFBP2 and cleaved PARP- in sh-CD147 or sh-Mock cell-injected xenograft mouse tumors was determined by using Image-Pro Plus 6.0 software. (D) Representative TUNEL assay in sh-CD147-injected xenograft mouse tumors and sh-Mock tumors; the apoptosis-positive regions are indicated in brown-yellow. The histogram indicated the TUNEL-positive area (%) (right). Magnifications, ×100 or ×400. CD147, cluster of differentiation 147; cle-PARP, cleaved poly (ADP-ribose) polymerase; IGFBP2, insulin-like growth factor-binding protein 2; sh, short hairpin RNA; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling.](IJO-53-06-2397-g04){#f5-ijo-53-06-2397}

![CD147 and IGFBP2 overexpression in melanoma tissues. (A) Representative immunohistochemical staining of CD147- or IGFBP2-positive cells in nevus (n=15), PMM (n=128) and MMM (n=64) tissues. Magnification, ×100. (B) Comparison of the CD147- and IGFBP2-positive area (%) in nevus and melanoma microassay tissue. Semi-quantitation was performed using Image-Pro Plus 6.0 software. ^\*\*^P\<0.05 MMM vs. PMM or nevus. MMM, metastatic malignant melanoma; PMM, primary malignant melanoma.](IJO-53-06-2397-g05){#f6-ijo-53-06-2397}

###### 

Differential expression of apoptosis-associated proteins in A375-sh-CD147 cells compared to A375-sh-Mock control cells.

  Gene       Average intensity   Ratio       
  ---------- ------------------- ----------- -----------------------------------------------------
  CD40L      280.75              572.75      2.040
  p53        2,457.00            4,910.00    1.998
  cIAP-2     137.75              269.00      1.953
  Survivin   5,983.50            10,351.75   1.730
  TRAILR-2   138.75              218.25      1.573
  p21        37,326.00           56,199.00   1.506
  Hsp60      3,183.75            1,930.50    0.606
  IGFBP6     855.75              450.50      0.526
  IGFBP2     1,425.25            254.25      0.178[a](#tfn1-ijo-53-06-2397){ref-type="table-fn"}

P\<0.05 vs. control. CD40L, cluster of differentiation 40 ligand; cIAP-2, cellular inhibitor of apoptosis 2; Hsp, heat shock protein; IGFBP, insulin-like growth factor-binding protein; sh, short hairpin RNA; TRAILR, tumor necrosis factor-related apoptosis-inducing ligand receptor.

###### 

Relative expression of CD147 and IGFBP2 in PMM and MMM.

  A, CD147 expression                        
  --------------------- ----- ---- ---- ---- ----------------------------------------------------
  PMM                   128   28   68   32   78.1
  MMM                   64    4    11   49   93.8[a](#tfn2-ijo-53-06-2397){ref-type="table-fn"}

  B, IGFBP2 expression                        
  ---------------------- ----- ---- ---- ---- ----------------------------------------------------
  PMM                    128   25   75   28   80.5
  MMM                    64    6    18   40   90.6[a](#tfn2-ijo-53-06-2397){ref-type="table-fn"}

P\<0.05 vs. PMM. CD, cluster of differentiation; IGFBP2, insulin-like growth factor-binding protein 2; PMM, primary malignant melanoma; MMM, metastatic malignant melanoma.
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